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SHOCK- INDUCED  LUMINESCENCE 


M. 


Approved  by: 


Prepared  by: 

Solow,  R.  C,  Wiley,  N.  L.  Coleburn 

_ 

Chief,  Explosion  Dynamics  Division 


ABSTRACT :  When  a  270  kilobar  shock  wave  emerges  from  an 
illuminated  aluminum  surface  in  a  vacuum,  blue  light  is 
emitted.  This  phenomenon  is  affected  significantly  by  surface 
conditions.  A  chemically-formed  aluminum  oxide  surface  layer 
on  the  metal  luminesceses  brightly  for  at  least  0.64  micro¬ 
seconds.  Normally  oxidized  aluminum  surfaces  luminesce  less 
brightly  for  a  much  shorter  time  ('vO.Ol  microseconds).  The 
effect  of  non-oxidized  material  on  the  phenomenon  is  shown 
in  that  shocked  gold  does  not  luminesce.  The  luminescence 
from  aluminum  is  attributed  to  electrons,  dragged  by  the 
shock  (  acoustoelectric  effect).  The  electrons  reach  the 
aluminum  oxide  layer  and, falling  into  the  ionized  F’  centers, 
emit  blue  light. 
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The  detonation  of  solid  explosives  affords  a  means  of  exerting 
high  pressures  unattainable  by  any  other  convenient  means. 

This  very  rapid  application  of  energy  in  the  form  of  a  shock 
wave  has  some  very  important  effects  on  the  structure  and 
behavior  of  metals,  semiconductors,  and  insulators.  The  basic 
understanding  ot  these  effects  is  important  in  many  ordnance 
applications.  The  explosions  Research  Department  has  under¬ 
taken  a  research  program  to  study  this  important  field.  As  a 
result  luminescence  has  been  detected  from  an  aluminum  surface 
on  the  emergence  of  a  strong  shock  wave.  The  result  was  first 
reported  by  the  authors  at  the  American  Physical  Society 
Meeting  in  Detroit,  Michigan,  March  23,  1960.  This  report 
describes  fully  the  experimental  evidence  and  theoretical 
interpretation  ot  this  phenomenon.  The  worx  was  done  under 
Task  FR  52,  Dynamic  Properties  of  Solids,  in  the  Laboratory's 
Foundational  Researcn  Program.  This  report  is  for  information 
only  and  should  not  be  construed  to  represent  the  final 
opinion  of  this  Laboratory. 


W.  D.  COLEMAN 
Captain,  USN 
Commander 


C.vj.  ARONSON 


By  direction 
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SHOCK-INDUCED  LUMINESCENCE 


INTRODUCTION 

1.  The  response  of  solids  to  shocks  and  their  associated 
pressure  pulses  is  important  in  the  understanding  and  use  of 
such  materials.  Shock  waves  deform  and  change  solids,  i.e. 
compress  them,(l)  change  their  elastic  const ants ,  ( 2)  and  produce 
changes  in  pnase.  (3)  H)  They  must  also  change  the  electronic 
configuration  of  the  solids  and  add  or  generate  imperfections, 
such  as  vacancies  or  dislocations,  in  passage  through  the  solids. 

A  wide  number  of  shock  induced  phenomena  such  as  shoc.^  forming!5) 
shock  etching(6),  shock  weldings) t  shock  sintering,  etc. 
have  been  observed  and  used.  This  report  describes  a  set  of 
experiments  in  which  shock  luminescence  of  an  aluminum  oxide 
surface  has  been  observed.  Shock  luminescence  is  defined  hero 
as  the  emission  of  light  from  such  a  surface  when  an  intense 
shock  wave  emerges  onto  the  surface.  This  light  is  interpreted 
as  the  result  of  electrons,  dragged  along  by  the  shock  wa-'?, 
falling  into  oxygen-ion  vacancies  in  the  aluminum  oxide  surface 
layer. 


2.  THE  EXPERIMENTAL  METHOD 
2.1.  The  Phenomenon. 

If  a  flat  metallic  plate  is  illuminated  with  a 
beam  of  light  normal  to  the  plate's  surface,  a  certain 
intensity  of  light  is  returned  from  the  plate,  also  in  the 
normal  direction,  by  reflection.  Such  light  can  be  observed 
by  a  camera  or  other  recording  device  located  on  the  axis 
joining  the  source  and  the  plate.  The  intensity  of  this 
light  is  constant  under  static  conditions.  In  a  dynamic 
experiment  it  has  been  shown, with  the  arrangement  indicated 
above,  that  a  discontinuous  change  occurs  in  the  light  coming 
from  the  plate's  surface  when  a  place  'shock  wave  travelling 
through  the  plate  emerges  on  the  surface. (8)  This  might 
result  from  the  shock  producing  a  change  in  the  surface 
geometry  of  the  plate  so  that  its  reflection  characteristics 
are  changed,  or  it  might  be  the  result  of  some  physical 
phenomenon  occurring  at  the  surface.  For  an  aluminum  pJate 
an  increase  in  light  intensity  occurs, and  the  present  shock 
experiments  were  designed  to  determine  if  the  increase  is  due  to 
emission  of  light  from  the  aluminum  oxid-:  surface  layer. 
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2.2.  The  Test  Specimens. 

To  study  the  shock  luminescence  of  illuminated 
aluminum  oxide  surface  layers, 61S  aluminum  plates  25-mm 
thick  were  used  as  test  specimens.  One  surface  of  each  plate 
was  chemically  polished  with  a  solution  of  or thophosphoric 
acid,  surphuric  acid,  and  chromic  acid  to  form  a  thick 
irregular  aluminum  oxide  surface  1 ayer. (  9)  Qn  this  face 
three  cold-rolled  aluminum  foil  strips,  0.01-mm  thick,  and 
one  gold  leaf  strip,  less  than  0.01-mm  thick,  were  arranged 
with  a  spacing  as  shown  in  Figure  1.  This  arrangement  provided 
a  heavily  oxidized  surface  (the  treated  surface  of  the  plate), 
normally  oxidized  surfaces  (the  aluminum  foils),  and  a  non- 
oxidized  surface  (the  gold  leaf). 

2.3.  The  Test  Arrangement. 

The  experimental  arrangement  for  these  tests  is 
shown  in  Figure  2. 

Detonation  of  the  explosive  system  causes  a  shock 
wave  which  has  a  peak  pressure  on  the  order  of  270 
kilobars  to  enter  the  plate.  This  wave  traverses 
the  plate  and  on  emerging  at  the  plate's  free  surface 
is  plane-parallel  to  the  free  surface  to  within  ±  0.35 
mm  across  the  50  mm  central  region  of  the  specimen  plate. 

The  free  surface  moves  forward  into  a  vacuum  with  a 
pressure  on  the  order  of  1  micron  of  mercury.  (This 
vacuum  eliminates  the  possibility  of  a  luminous  air  * 
shock  developing  at  the  rapidly  moving  plate  surface.) 

The  free  surface  of  the  specimen  plate  traverses 
a  void,  1.60-mm  thick,  and  then  impacts  a  fixed  glass 
witness  plate. 

The  specimen  is  illuminated  with  normally  incident 
light  from  an  argon  flash  bulb  through  the  half -si lvered 
mirror.  The  light  is  synchronized  with  the  explosive 
system  so  that  the  surface  is  illuminated  for  about 
10  microseconds  before  arrival  of  the  shock. 

The  light  coming  from  the  surface  of  the  plate  in  a 
direction  normal  to  the  surface  is  observed  by  the  70  mm 
rotating  mirror  smear  camera  after  reflection  at  the 


*  Experiments  done  in  air  and  helium  show  the  same  light 
intensity  increase  when  the  shock  wave  emerges  from  the 
free  surface  as  the  experiments  done  in  a  vacuum. 
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h alf -si lvered  mirror  and  passage  through  an  optical 
filter,  Wratten  No.  44  (4600  to  5200  A  transmission 
band).*  The  slit  of  the  camera  is  arranged  to  view  along 
a  narrow  line  across  a  diameter  of  the  specimen  plate 
that  covers  both  foils  and  treated  surface  of  the  plate. 
The  camera  records  a  time  resolution  on  the  order  of  10 
mi lli-microseconds  of  the  light  intensity  for  points 
on  the  slit  line.  Figure  3  shows  a  typical  film  record 
obtained  in  the  experiments. 


2.4.  Measurement  of  Reflectivity  Coefficients. 

The  observations  of  these  experiments  a  e  of  light 
reflected  from  or  emitted  by  the  surfaces  of  the  test  speci¬ 
mens  and  how  this  light  changes  as  shocks  pass  through  the 
surfaces.  These  observations  are  made  in  terms  of  calibrated 
initial  coefficients  of  reflectivity  of  the  surfaces  and 
measurements,  from  the  photographic  records,  of  the  change 
of  these  coefficients  during  the  experiment',  a  change  of 
light  recorded  during  the  experiment  being  taken  as  a  change 
of  reflecting  coefficient. 

The  initial  reflectivity  coefficients,  R0,  of  the 
surface  of  the  specimen  plate,  the  aluminum  foils, 
and  the  gold  leaf,  are  determined  by  a  Lummer-Br odhum 
photometer .( 10  )  The  light  entering  the  instrument  is 
filtered  by  the  same  filter  used  in  the  dynamic 
experiment . 

The  dynamic  changes  in  the  reflectivity  coefficients 
that  occur  during  the  experiments  are  obtained  from 
densitometer  readings  of  the  smear  camera  film  records. 
The  measurement  of  these  changes  is  made  quantitative 
by  the  use  of  a  calibrated,  photographic  step-wedge 
(Figure  3)  attached  to  the  film.  This  is  done  to 
correct  for  the  possible  failure  of  the  reciprocity 
law  when  the  film  is  exposed  to  short  duration  intense 
light.  The  step  wedge  is  placed  on  the  fiJm  so  that 
it  calibrates  the  fit;  response  before  light  changes 
occur  when  the  shock  wave  emerges  from  the  specimen 
free  surface. 

The  analysis  of  the  record:  and  calibrations  will  be  discussed 
later . 


*  Three  auxiliary  experiments  were  performed  using  color 
photography  without  the  filter  to  determine  the  color 
of  the  argon  light  and  the  light  emitted  from  the 
aluminum  oxide  surface. (11) 
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3.  EXPERIMENTAL  RESULTS 

3.1.  Interpretation  of  the  Records. 

Eleven  experiments  have  been  carried  out  investi¬ 
gating  the  shock  luminescence  of  aluminum  surfaces,  eight 
using  Tri-X  negative  super  speed  film  and  three  using  Ekto- 
chrome  color  film.  The  positive  print  of  a  typical  black 
and  white  record  is  shown  in  Figure  3.  In  the  analysis  the 
record  is  divided  into  two  time  regions  by  the  arrival  of 
the  shock  wave  at  the  free  surface  of  the  specimen,  the 
first  abrupt  changes  in  optical  density  of  the  film  reading 
from  left  to  right,  Trace  A.  To  the  left  time  is  designated 
negative,  to  the  right  time  is  positive. 

In  negative  time  the  three  bright  streaks  running 
horizontally  across  the  record  are  light  reflected  from  the 
aluminum  foils  while  the  dull  streak  is  light  reflected  from 
the  gold  leaf. 

The  thickness  of  the  foils  is  so  small  that  the 
shock  transit  time  through  them  is  negligible  as  can  be 
seen  by  examination  of  the  shock  wave  arrival  discontinuity. 

Examination  of  the  shock  arrival  discontinuity 
shows  shock  luminescence  and  the  effect  of  surface  preparation 
on  this  phenomenon: 

The  increase  in  the  light  intensity  that  occurs  at 
the  aluminum  or  aluminum  oxide  surface  fails  to 
appear  at  the  gold  leaf  surface. 

The  increase  in  light  intensity  persists  into 
positive  time  and  the  duration  of  persistence  depends 
upon  surface  characteristics.  A  short  period  of 
high  light  intensity  is  noted  for  the  aluminum 
foils;  a  long  interval  is  seen  at  the  chemically 
treated  surface. 

It  is  to  be  noted  that  the  uniformity  of  the  dis¬ 
continuity  in  the  transverse  direction  excludes  jets, 
spalling  of  the  foils  from  the  plate,  or  spalling  of  the 
free  surface  of  the  plate  as  causes  for  the  increase  in 
light  intensity. 

The  second  abrupt  change  in  light  intensity,  in 
positive  time,  records  the  impact  of  the  specimen  surface  on 
the  glass  retaining  plate.  On  the  color  films  this  change  is 
signalled  by  a  color  change  from  blue  to  an  intense  yellow 
which  is  believed  due  to  sodium  emission  caused  by  impact 
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shock  heating  of  the  sodium  in  the  glass  plate.  The  mean 
velocity  of  the  free  surface  across  the  gap  was  2.76  mm  .  . 
per  microsecond  indicating  a  shock  pressure  of  270  kilcbars^1' 
in  aluminum. 


3.2.  Analysis. 

The  quantitative  results  of  the  change  in  light 
intensity  reaching  the  smear-camera  film  at  zero  time  is 
given  in  terms  of  the  effective  reflectivity  coefficient,  R. 
The  term  effective  is  used  to  indicate  that  not  only  reflected 
but  also  emitted  light  is  included,  and  that  not  only  the 
electronic  effect  but  also  surface  geometry  and  smoothness 
properties  contribute  to  the  change.  In  terms  of  measured 
data,  the  effective  reflectivity  coefficient  is  derived  in 
Appendix  A  and  given  by 

lo9io  R  =  lo9io  Ro  +  f  ^  ^ 

where  RQ  is  the  initial  reflectivity  coefficient  and  f( Adm) 
is  the  function  determined  by  the  film  density  change  from 
negative  to  positive  time  and  a  calibration  curve  as  shown  in 
Figure  4.  For  the  linear  portion  of  this  curve  the  equation 
above  becomes 

log1QR  =  log10  Rq  +  1.84  A  d(n. 

For  the  record  indicated  in  Figure  3  the  values 
of  the  effective  reflectivity  coefficients  are  calculated  for 
the  middle  section  of  the  aluminum  plate,  for  the  aluminum 
foil  below  this  section,  and  for  the  gold  leaf.  The  middle 
section  of  the  specimen  was  selected  for  analysis  because 
the  shock  wave  was  plane  in  this  region.  Zero  time  was 
determined  experimentally  where  the  optical  density  first 
changed  discontinuous ly .  The  optical  densitometer  had  an 
aperture  0.1524  mm  in  diameter.  Traverses  were  made  with 
points  0.19  mrn  apart  corresponding  to  0.08  microseconds 
separation  in  time.  Each  point  was  read  indeoendent ly  three 
times  and  the  values  were  averaged  arithmetically.  The 
values  of  the  effective  reflection  coefficients  are  plotted 
against  time  in  Figure  5. 

The  chemically  treated  aluminum  plate  reflectivity 
coefficient  shows  an  increase  from  60.2  percent  to 
134.8  percent  in  a  time  interval  of  0.15  microseconds. 

A  reflectivity  coefficient  greater  than  unity  requires 
that  light  be  emitted  from  the  surface. 
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The  curve  for  the  aluminum  foil  shows  a  rapid  decrease 
at  zero  time.  Examination  of  the  smear  camera  record, 
Figure  3f  shows  a  momentary  increase  in  the  light 
intensity,  i.e.,  effective  reflectivity  coefficient, 
at  zero  time.  The  densitometer  measurements  did  not 
resolve  this  increase.  The  ten  other  experiments  also 
showed  a  momentary  increase  in  light  intensity  at  the 
aluminum  foils  on  shock-wave  arrival. 

The  gold  leaf  curve  shows  a  very  rapid  decrease  in 
the  effective  reflectivity  coefficient  when  the  shock 
reaches  the  free  surface. 


Examination  of  the  curves  in  Figure  5  shows  that  the  optical 
density  of  the  film  in  negative  time  is  constant.  The 
light  from  the  argon  flash  bomb  is  constant  and  no  changes 
in  the  experimental  arrangement  occur  during  this  period. 


4.  THEORETICAL  INTERPRETATION 

Figures  3  and  5  shew  that  the  shock  wave  arriving  at 
thr  surface  of  the  aluminum  plate  produces  luminescence. 

This  phenomenon  is  interpreted  in  terms  of  the  acousto¬ 
electric  effect  (12),  (13),  (l4)in  metals  and  F*  centers  U^)  (1°  ) 
in  the  aluminum  oxide  surface  layer.  These  two  phenomena 
are  explained  briefly  as  follows: 

The  acoustoelectric  effect  is  the  transfer  of 
energy  from  the  mechanical  shock  wave  to  the  free 
electrons  in  the  metal.  The  shock  wave  represents 
energy  which  moves  into  the  solid  with  shock  velocity. 
Electrons  moving  slightly  slower  than  the  shock  wave 
gain  energy  from  this  wave  and  are  swept  alony  with 
it.  As  a  result  a  thin  sheet  of  electrons  move  in 
synchronization  with  the  shock  wave.  The  shock 
generated  in  this  experiment  has  a  pressure  of  270 
kilobars  and  represents  a  power  density  of  10°  watts 
per  square  cm. 

The  second  solid  state  physics  concept  is  the  F’ 
center  in  excess-metai  oxides.  In  these  oxides, 
oxygen  ions,  0^“,  are  missing.  Each  vacancy  repre¬ 
sents  two  missing  negative  charges  and  two  free 
electrons  are  trapped  to  compensate  for  tnis.  An 
oxygen-ion  vacancy  with  its  two  trapped  electrons 
is  called  an  F'  center. 
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The  shock-induced  luminescence  is  explained  as  follows: 

The  blue  light  from  the  argon  flash  bomb  illuminates 
the  transparent  aluminum  oxide  layer.  A  quantum  of 
this  light  gives  2.64  electron-volts  to  an  electron 
trapped  in  an  F*  center  and  the  electron  escapes, 
ionizing  the  F'center. 

The  excited  electron  wanders  through  the  oxide  layer 
and  may  be  trapped  in  a  low  energy  surface  state  from 
which  it  is  emitted  by  the  Auger  effects  17), 

Evidence(lS)  exists  that  the  argon  light  removes  the 
adsorbed  layer  of  0“  ions  from  the  oxide  surface  and 
makes  it  easier  for  the  electrons  to  leave  the  low- 
lying  surface  states. 

After  illumination  by  the  argon  light,  an  electrostatic 
gradient  develops  across  the  oxide  layer.  The  proba¬ 
bility  is  greater  that  the  electrons  near  the  surface 
leave  the  F'  center  traps  and  are  emitted  from  the 
surf  ace . 

After  the  surface  oxide  layer  has  been  excited  by 
the  argon  light,  the  shock  is  generated  by  the  explosive 
system.  When  the  electron  sheet  dragged  by  the  shock 
reaches  the  metal-oxide  interface,  the  electrons  spill 
over  into  the  oxide  layer  by  the  tunnel  effect,  thermal 
emission,  or  electrostatic  gradient.  Some  of  these 
electrons  fall  into  the  singly  ionized  F’  centers  and 
emit  quanta  of  4700  A  (2.64  ev). 

A  qualitative  check  of  the  above  mechanism  has  been 
obtained  by  studying  the  aluminum  oxide  layer  and  its  effect 
on  the  luminescence.  This  irregular  surface  of  the  chemically 
treated  aluminum  plate  luminesces  brighter  and  longer  than 
the  smooth  surface  of  the  aluminum  foils. 

As  a  further  check  on  the  interpretation,  it  would  be 
interesting  to  measure  the  emission  of  electrons  from  the 
aluminum  oxide  surface  layer.  Some  of  the  free  electrons 
in  the  oxide  layer  get  trapped  in  the  shallow  surface  states 
and  are  emitted.  Electrons  should  leave  the  surface  during 
the  initial  argon  light  illumination.  A  much  more  intense 
stream  of  electrons  should  leave  the  oxide  surface  when  the 
shock-dragged  electron  sheet  enters  the  oxide  layer. 
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5.  CONCLUSIONS 

The  experiments  described  here  strongly  indicate  that  internally 
illuminated  aluminum  oxide  surfaces  luminesce  when  subjected 
to  270  kilobar  shock  waves.  This  luminescence  is  a  surface 
property  of  the  material  and  can  be  optimized  by  forming  an 
irregular,  oxygen-deficient  surface  oxide  layer  by  chemically 
treating  the  aluminum  surface.  The  experiments  prove  that 
air  shock  and  spalling  do  not  explain  the  phenomena. 

The  luminescence  shows  a  maximum  in  the  blue  portion 
of  the  spectrum,  probably  at  4700  A.  This  luminescence  is 
similar  to  the  Kramer  effect  (18)  and  to  the  cold  cathode 
emission  effect  (17).  Therefore  all  oxygen-deficient  oxides 
(i.e.  zinc  oxide,  cadmium  oxide,  aluminum  cxide, 
and  gail  ium  oxide)  should  exhibit  shock  luminescence. 

From  the  similarity  to  the  other  phenomena,  there  should  be 
electron  emission  from  the  aluminum  oxide  surface  during 
illumination  by  the  argon  light  and  during  the  shock-induced 
luminescence . 

The  yellow  light  emitted  from  the  shocked  glass  is 
probably  caused  by  sodium  atoms  excited  by  the  shock  wave. 
Investigation  of  this  effect  might  lead  to  an  estimate  of 
the  temperature  of  shocked  materials. 
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APPENDIX  A 

EFFECTIVE  REFLECTIVITY  COEFFICIENT 


The  effective  reflectivity  coefficient  R  of  d  metal 
surface  is  determined  in  terms  of  experimentally  measured 
data,  i.e.,  the  initial  reflectivity  coefficients  of  the 
surface  and  the  optical  density  of  the  smear-camera  record. 

R  is  defined  as 


R  =  lI/li  (Al) 

where  Ir  and  1^  are  the  intensities  of  light  reflected  from 
and  incident  on  the  specimen  surface.  Multiplying  numerator 
and  denominator  by  Iro,  the  light  intensity  before  the  shock 
wave  arrives  at  the  free  surface,  and  taking  logarithms  one 
obtains 


logi0R  log10(  A  R)  +  log-^Q  Rq 

where 


and 


A  R  =  Ir/I 


ro 


( A2) 
(A3) 

(A4) 


To  determine  the  effective  reflectivity  coefficient,  R0 
and  A  R  must  be  known.  R0  is  measured  by  standard  photometer 
methods.  To  evaluate  A  R,  one  measures  the  change  in  optical 
density  A  dm  of  the  smear-camera  record  from  negative  time  to 
positive  time.  The  optical  density  measurements  are  measured 
with  an  optical  densitometer  and  this  change  is  calibrated  in 
terms  of  optical  density  measurements  related  to  the  optical 
step-wedge . 


The  optical  density  of  an  exposed  and  developed  film 
is  a  unique  function  of  the  light  energy  incident  on  the  film 
if  the  spectrum  of  the  light  and  the  development  process  remain 
invariant.  These  conditions  are  satisfied  in  each  experiment. 
Furthermore  the  light  energy  is  equal  to  the  product  of  the 
light  intensity  times  the  interval  of  exposure.  Since  the 
smear  camera  exposes  each  part  of  the  film  for  a  constant 
interval,  the  relative  density  of  the  developed  record  is  a 
function  of  light  intensity  only. 
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The  change  in  optical  density  A  dm  is  calibrated  in  terms 
of  the  optical  step-wedge  since  the  reciprocity  relation  fails 
The  optical  density  of  the  film  under  the  optical  wedge,  say 
under  step  i,  dmw^ ,  is  measured  with  the  optical  densitometer-, 
so  also  is  the  optical  uensity  of  the  film  in  negative  time 
which  is  not  covered  with  the  step  wedge,  dm_.  The  change  in 
optical  density  of  the  ith  step,  A  d^  t  is  given  by  the 

relation 


6  d  .  =  d 
mwi  mwi 


m- 


( A5 ) 


This  measured  change  is  calibrated  in  terms  of  the 
optical  density  i>f  the  step-wedge.  The  light  intensity 
transmitted  by  the  ith  step  of  the  optical  wedge,  I  compared 

to  the  incident  light  intensity,  I0,  is  given  by  the  density 

A  d  .  where 
ewi 

Ad  .  =  login  I  ./i  .  (A6) 

ewi  ^10  ewi  o 

The  values  of  A  d  .  are  correlated  uniquely  with  A  d 

ewi  M  1  mwi 

given  analytically  by 

Adc  =  f  (Adm)  ( A7 ) 

or  plotted  as  in  Figure  4. 

The  optical  step-wedge  method  cannot  calibrate  measured 
densities  greater  than  d  .  Examining  Figure  4  one  sees  that 

the  calibration  curve  is  linear  for  small  changes  below  the  d 

3  re¬ 

value.  Extrapolation  of  the  linear  curve  into  the  region  of 
positive  density  changes  gives  at  worst  the  lower  bound  to 
the  calibrated  density  change.  The  linear  portion  of  Figure  4 
satisfies  the  relation 

Ad  -  1.84  A  dm  .  ( A8) 

cm  ' 

A  R,  Equation  (A2),  is  now  evaluated  in  terms  of 
measurable  quantites.  The  calibrated  change  in  optical  density 
i  s 


A  dc  l°9]_o  1  a.+  ^  ft.-  log10  Id+//'td-  ,  ( A9) 

where  I  designates  light  intensity,  +  and  -  denote  positive 
and  negative  time  regions,  a  and  d  stand  for  densitometer 
measurements  made  after  the  experiment  and  events  that  took 
place  during  the  experiment,  respectively.  Since  the 
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experiment  is  designed  to  allow  .iy  the  effective  reflectivity 
coefficient  to  vary,  one  can  writ* 


(A10) 

(All) 


where  K  is  determined  by  the  experimental  arrangement 
(Figure  2)  and  is  a  function  of  the  argon  light  intensity,  the 
mirror,  the  glass  plates,  the  optical  filter,and  the  smear 
camera . 


Substituting  Equations  (A10)  and  (All)  into  Equation  (A9) 
inserting  ( A3 )  and  (A7)  into  the  resulting  equation  and  putting 
this  into  Equation  (A2) ,  one  obtains 

log1Q  R  =  logi0  Rq  +  f  (AdJ.  (A12) 

For  the  linear  portion  of  the  calibration  curve  given  in 
Figure  4,  f  (Ad  )  is  given  by  Equation  (A8),  and 

log10  R  =  l°9io  R0  +  1,84  ^  dm  •  (A13) 

Equations  (A12)  and  (A13)  are  expressions  which  give  the 
effective  reflectivity  coefficient  in  terms  of  two  measurable 
parameters:  the  initial  reflectivity  coefficient  and  the 

optical  density  of  the  smear-camera  records. 


11 


NavOrd  Report  6911 


REF  ERENCES 

(1)  J.  M.  Walsh,  M.  H.  Rice,  R.  G.  McQueen,  and  F.  L.  Yarger, 
"Shock  Wave  Compressions  of  Twenty-seven  Metals.  Equations 
of  State  of  Metals",  Phys.  Rev.  108 .  196  (1957). 

(2)  D.  Lazarus,  "The  Variation  of  the  Adiabatic  Elastic 
Constants  of  K  Cl,  NaCl,  CuZn,  Cu,  and  Al  with  Pressure 
to  10,000  Bars",  Phys.  Rev.  _/6,  545  (1949). 

(3)  R.  E.  Duff  and  F.  S.  Minshall,  "Investigation  of  a 
Shock  Induced  Transition  in  Bismuth",  Phys.  Rev.  108  , 

1207  (1957). 

(4)  D,  Bancroft,  E.  L.  Peterson,  and  F.  S.  Minshall, 

"Polymorphism  of  Iron  at  High  Pressures",  J.  Appl.  Phys. 

27,  291  (1956). 

(5)  E.  W.  LaRocca  "Making  Compacts  by  Explosive  Forming", 

Metal  Progress  76,  84  (1959). 

(6)  J.  H.  Cook,  "Engraving  on  Metal  Plates  by  Means  of 
Explosives",  Research  (London)  JL,  474  (1948). 

(7)  G.  H.  Brown,  C.  N.  Hoyler,  N.  R.  A.  Bierwirth,  "Theory 
and  Application  of  Radio  Frequency  Heating, "pp  168, 

D.  Van  Nostrand  Co.,  Inc.,  New  York,  N.  Y. 

(8)  N.  L.  Coleburn,  "The  Dynamic  Compression  of  Solids  from 
Single  Experiments  Using  Surface  Light  Reflection 
Techniques",  NavOrd  Report  6026,  31  October  1960. 

(9)  T.  P.  Hoar  and  M.  F.  Mott,  "A  Mechanism  for  the 
Formation  of  Porous  Anodic  Oxide  Films  on  Aluminum", 

J.  Phys.  Chem.  of  Solids  9,  97  (1959). 

(10)  A.  C.  Hardy  and  F.  H.  Perrin,  "The  Principles  of  Optics*1 
(McGraw-Hil  1  Book  Co.  Inc.,  New  York,  1932,)  Chapter  XIII 

(11)  Wratten  Light  Filter,  Eastman  Kodak  Company,  Rochester,  N.  Y. 

(12)  E.  I.  Blount,  "Ultrasonic  Attenuation  of  Electrons  in 
Metals",  Phys.  Rev.  114,  418  (1959). 

(13)  A.  Weinreich,  "Acoustodynamic  Effects  in  Semi-Conductors", 
Phys.  Rev.  104 .  321  (1956). 

(14)  W.  A.  Harrison,  "Band  Structures  of  Aluminum",  Phys.  Rev. 

118.  1182  (1960). 


12 


NavOrd  Report  6911 


(15)  L.  Grunberg  and  K.  H.  R.  Wright,  "A  Study  of  the  Structure 
of  Abraded  Metal  Surfaces",  Proc.  Royal  Soc.  A232 , 

403  (1955). 

(16)  W.  D.  VonVess  and  F.  R.  Brotzen,  "Electron  Emission  from 
Plastically  Strained  Aluminum",  J.  Appl.  Phys.  30, 

1639  (1959). 

(17)  A.  M.  Skellett,  B.  Firth,  and  D.  W.  Moyer,  "The  Magnesium 
Oxide  Cold  Cathode  and  its  Applications  in  Vacuum  Tubes", 
Proc.  IRE.  47,  1704  (1959). 

(18)  J.  Kramer,  "Der  Metallische  Zustand",  (Vandemhoeck  and 
Ruprecht,  Gottingen,  1950). 


13 


a» 


NAVORD  REPORT  69!i 


FIG.  i 


SPECIMEN  PLATE  ARRANGEMENT 
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ARGON  INLET 


ARGON  BOW B 


FIG.  2  EXPERIMENTAL  ARRANGEMENT 
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FIG.  4  CALIBRATION  CURVE 
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